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Determination of Cooling Rates
in a Quadrupole Ion Trap
David M. Black, Anne H. Payne, and Gary L. Glish
Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina, USA
Collisional cooling rates of infrared excited ions are measured in a quadrupole ion trap (QIT)
mass spectrometer at different combinations of temperature and pressure. Measurements are
carried out by monitoring fragmentation efficiency of leucine enkephalin as a function of
irradiation time by an infrared laser after a short excitation and incrementally increasing
cooling periods. Cooling rates are observed to be directly related to bath gas pressure and
inversely related to bath gas temperature. The cooling rate at typical ion trap operating
pressure (1 mTorr) and temperature (room T) is faster than can be measured. At elevated
temperature and the lowest pressure used for the studies, the rate of collisional cooling
becomes negligible compared to the rate of radiative cooling. (J Am Soc Mass Spectrom 2006,
17, 932–938) © 2006 American Society for Mass SpectrometryF or many years, collisional cooling has been usedto damp the kinetic energies of trapped ions toimprove the performance of the quadrupole ion
trap mass spectrometer [1–3]. After formation in, or
injection into, the quadrupole ion trap, ions undergo
collisions with the bath gas, causing their trajectory to
shrink to the center of the ion trap. This more compact
cloud of ions increases sensitivity and resolution when
using mass-selective instability [2] or resonance ejection
[4] for mass analysis. A bath gas pressure of 1 mTorr is
the commonly used operating pressure, and all com-
mercial ion traps operate at ambient temperature.
Although collisional cooling of the ion’s kinetic en-
ergy is helpful for ion trap performance, cooling of the
ion’s internal energy also occurs; this may or may not be
desired. This internal cooling can reduce fragmentation
efficiency and thus be a detriment when trying to
dissociate ions using “slow heating” techniques [5] such
as infrared multiphoton photodissociation (IRMPD).
IRMPD has been successfully implemented in a quad-
rupole ion trap [6 –15]. IRMPD works by increasing the
internal energy of an ion by multiple photon absorp-
tion. When a bath gas pressure of 1 mTorr is used, the
transfer of the ion’s internal energy to the bath gas via
collisions may occur at a faster rate than the rate of
energy-transfer to the ions by photon absorption. The
ratio of the rate of energy loss via collisional cooling to
energy gain via photon absorption depends on the ion’s
absorption cross-section, the power of the laser, trap-
ping volume temperature, and pressure. If the rate of
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energy gained by photon absorption, the ions irradiated
will not dissociate. It is due to this reason that IRMPD is
not practical for peptide dissociation in a quadrupole
ion trap at the typical operating pressure and room-
temperature [6, 15]. Most of the examples of IRMPD in
the quadrupole ion trap have been accomplished by
lowering the bath gas pressure. At decreased pressures,
however, the performance of the QIT is adversely
affected. Sensitivity is decreased by approximately an
order of magnitude [6], and resolution is also decreased.
An alternate approach to overcome the problem of
collisional cooling is thermally assisted infrared mul-
tiphoton photodissociation (TA-IRMPD) [6]. In the TA-
IRMPD experiment, the bath gas and quadrupole ion
trap electrodes are heated, which reduces the rate of
collisional cooling. TA-IRMPD has been used to achieve
high IRMPD fragmentation efficiencies at typical bath
gas pressures (1 mTorr). While the ion being dissociated
will initially have greater internal energy when the bath
gas is heated versus ambient bath gas temperature, the
more important effect in the success of TA-IRMPD can
be attributed to less energy being transferred per colli-
sion between an IR-excited ion and a bath gas atom.
The amount of energy transferred per collision is di-
rectly related to the difference in total energy between
the ion and bath gas molecule. A theoretical treatment
of collisional cooling [16] reports the use of an average
down step size (i.e., energy lost per collision) as  
0.625 kT  0.001k(Tint  T), where T and Tint are the
temperature of the bath gas and temperature that
describes the distribution of internal energies of the
ions, respectively.
A few previous experimental and theoretical studies
of collisional cooling in the QIT mass spectrometer have
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culations for ions larger than 1 kDa were performed
[17]. Two models, the diffuse scattering model and the
random walk model, were used to bracket the range of
ion cooling rates. The calculations were done assuming
helium as the bath gas at 1 mTorr and room tempera-
ture. Another study reported the experimental colli-
sional cooling of ion kinetic energy [18]. Collisional
cooling was studied qualitatively at different pressures
by allowing increasing amounts of cool time after ion
injection or resonance excitation followed by mass
analysis. Ion current was plotted as a function of cool
time and was seen to increase with increasing cool time.
Other parameters such as pressure and qz were also
varied to observe their affect on cooling rate. In contrast
to the limited studies of ion cooling in a QIT mass
spectrometer, there are many studies of rates of radia-
tive and collisional cooling in ion cyclotron resonance
mass spectrometers. Many methods for cooling rate
determination have been reported [19]. To determine
internal energy cooling rates in a QIT mass spctrometer,
we used a procedure similar to the two-pulse photodis-
sociation experiments reported previously [20 –22].
Determination of rates of collisional cooling as well
as the relationship between pressure and cooling rate
will be beneficial in understanding the kinetics of
energy gain and loss through photon absorption and
collisions of an excited ion with a bath gas. By varying
temperature, it is also possible to observe the relation-
ship between collisional cooling rate and trapping vol-
ume temperature. In this study, we demonstrate a
method to measure collisional cooling rates of infrared
excited ions in a QIT mass spectrometer. Because the
ions are cooled kinetically before excitation, and infra-
red photons are being used to excite the ions, it can be
assumed that the collisional cooling rate measured
represents only the loss of the ions’ internal energy.
Experimental
Experiments were carried out using a highly modified
Finnigan ITMS (San Jose, CA) with a custom-built
nanoelectrospray source. ICMS software was used for
the control of the instrument [23]. Leucine enkephalin
(YGGFL) was purchased from Sigma Chemical Com-
pany (St. Louis, MO) and was used to prepare 100 M
solutions in 75:20:5 CH3OH:H2O:CH3COOH. Trapping
volume pressures of helium used for experiments range
from 2.8  104 torr to 1.0  103 torr. Pressure was
measured using an ionization gauge and correction
factors were applied for helium. Temperatures range
from ambient temperature,25 °C, to 165 °C. A 1000 W
stab-in bake out heater located under the quadrupole
ion trap electrodes is used to heat the electrodes and
bath gas. The temperature is measured with a platinum
resistance thermometer located touching one of the
endcap electrodes. A Synrad 50 Watt IR (10.6 m,
Mukilteo, WA) continuous wave laser was used for
excitation and dissociation of protonated leucine en-kephalin. The laser beam enters the vacuum housing
through a ZnSe window on the side of the vacuum
housing. The ring electrode of the quadrupole ion trap
is modified with a 3.2 mm. hole through the center,
perpendicular to the axial direction. The laser beam is
oriented so that it passes through this hole and into the
trapping volume in the radial direction. A TTL pulse
from the ITMS electronics that is controlled by the ICMS
software triggers the laser. Laser output is set to 100%
(50 W). Each data point represents an average of ten
scans.
Leucine enkephalin was used for all cooling studies.
The ions of m/z 556 [M  H] are isolated in the
quadrupole ion trap by ramping the radio frequency
(rf) amplitude applied to the ring electrode to eject all
ions with a m/z of less than 556. Additionally, a supple-
mentary AC voltage is applied to the endcap electrodes
with a frequency initially corresponding to the secular
frequency of m/z 557. Ions with m/z values greater than
556 are ejected as the rf amplitude is increased and they
come into resonance with the supplementary AC
voltage.
Cooling curve plots are made by plotting fragmen-
tation efficiency as a function of laser time. Separate
plots are made for each combination of temperature
and pressure. For each plot, a three-step procedure was
used. First, the laser is used to excite (but not dissociate)
the ions stored in the quadrupole ion trap (excitation
IR). For all combinations of temperature and pressure, a
5 ms pulse of the laser is used to excite the ions. During
the second step (cool time), the ions are allowed to cool.
The time that the ions are allowed to cool is incremen-
tally increased from 0 ms to the amount of time needed
for the ions to return to the initial state of equilibrium
with the helium bath gas. During the third step, the ions
are dissociated with a second irradiation period by the
laser (dissociation IR). The dissociation IR time is incre-
mentally increased from 0 ms to the amount of time
needed to observe a leveling off of the fragmentation
efficiency. A control experiment is also run to determine
fragmentation efficiencies as a function of laser time
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Figure 1. IRMPD of [YGGFL  H] with 30 ms irradiation
time.without prior excitation. The control experiment in-
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neither excitation IR nor cool time is used in the control
experiment).
All product ions in the IRMPD MS/MS spectrum of
leucine enkephalin shown in Figure 1 were used for
fragmentation efficiency calculations. It has previously
been shown that a major pathway in the dissociation of
leucine enkephalin is a complex rearrangement where
the C-terminal residue from an a4
 ion is transferred to
the N-terminus and the new C-terminal residue is
subsequently lost (YGGF ¡ FYGG ¡ FYG) [24].
Ions that are the result of this rearrangement and
subsequent dissociation are indicated by one-letter ab-
breviations corresponding to the residues making up
the product ion. The linkage between the transferred
residue to the N-terminus is marked with an asterisk (*).
All other product ions are labeled ions are labeled using
conventional nomenclature [25, 26].
Because cooling curves are plots of fragmentation
efficiency as a function of laser irradiation time, sources
of error are related to parameters that can affect the
fragmentation efficiency from scan to scan. Differences
from scan to scan in the number of ions stored in the
quadrupole ion trap should not affect the fragmentation
efficiency if we assume the photon to ion ratio to be
very large. The main contributor to any source of error
would most likely be due to fluctuations in laser power
from one laser pulse to the next. To minimize the effects
of laser power fluctuation, each data point shown in the
cooling curves represents an average of 10 scans and all
data for a combination of temperature and pressure
were taken contiguously. The maximum error in cool-
ing rates, determined using 95% confidence intervals is
less than 30% for all combinations of temperature and
pressure.
When using IRMPD to excite the ions held in the
quadrupole ion trap, it is not necessary to tune any
parameters, such as qz, voltage, or frequency, before
irradiation. Only the laser beam alignment through the
quadrupole ion trap must be consistent to achieve
similar fragmentation efficiencies from day to day. For
these studies, the laser was not aligned so that the laser
beam went directly through the center of the quadru-
pole ion trap but instead was reflected inside the
quadrupole ion trap. By not aligning the laser directly
through the center of the quadrupole ion trap, higher
fragmentation efficiency could be achieved in shorter
times. This results in steeper slopes of the fragmenta-
tion efficiency curves (vide infra) and less error in the
measurement.
Theory
Figure 2 shows schematically the expected results from
the experiment to measure cooling rates. After the
initial IR activation, as the cool time is increased the
corresponding fragmentation efficiency curve shifts to
the right towards the control curve, which is to the far
right. The fragmentation efficiency is defined in eq 1.Fragmentation Efficiency
products
parentproducts
(1)
The shift of the curve to the right represents the loss
of a fraction of the initial internal energy gained by the
ion from the excitation IR. When the cool time is long
enough so that all internal energy gained by the ions
from the excitation IR is lost through collisions and
radiative relaxation, the dissociation IR curve for that
cool time will overlap with the control curve. The loss of
energy obtained from the excitation IR, or cooling, can
be represented by plotting fragmentation efficiency
with respect to the dissociation IR time (second irradi-
ation) for each cool time increment. Cooling rates can be
determined by monitoring a change in fragmentation
efficiency as the cool time is increased. It is not neces-
sary for the ions to cool to “thermal equilibrium” with
the bath gas for determination of cooling rates.
To determine a cooling rate at a given temperature
and pressure, the average fragmentation efficiency cor-
responding to a range of dissociation IR times was
calculated for each curve. The range of dissociation IR
times used to calculate the average, indicated by the box
in Figure 3, is chosen so that each point contributing to
the average is located at a point in the curves where
fragmentation efficiency is increasing and has not lev-
eled off. The purpose for this is that by averaging over
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Figure 2. Hypothetical cooling curve plot. With increasing cool
time curves shift to longer dissociation IR times indicating in-
creased cooling. The red line represents data taken with an
excitation IR pulse, no cool time between the first pulse and a
second incrementally increasing IR pulse. The green and blue lines
represent data taken with an excitation IR pulse, followed by a
cool time and incrementally increasing second IR pulse. The cool
time is longer for the blue line than that for the green line. The
black line represents data taken with no excitation IR pulse and no
cool time but only the incrementally increasing IR pulse time
(control curve).a range of dissociation IR times, the effect of any minor
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should be minimized. Average fragmentation efficiency
is then plotted as a function of cool time. The decrease
in average fragmentation efficiency with increasing cool
time is directly related to a decrease in the population of
vibrationally excited leucine enkephalin. A linear fit to
the data is then used to determine the slope and error
for the slope of the fitted line. The slope corresponds to
the pseudo first-order cooling rate constant.
To determine the cooling rate constants several as-
sumptions are made with respect to the processes
occurring in the quadrupole ion trap. Several mecha-
nisms of energy-transfer can occur and are shown by
the Lindemann-Hinshelwood mechanisms below
where LE and He represent leucine enkephalin and
helium respectively.
LEHe¡
kexcite
LE * He (2)
LEHe¢
kccool
LE * He (3)
LE * ¡
kdissociation
products (4)
LE * ¡
kradiative
LE hv (5)
These equations can summed up as the overall rate
equation:
dLE*
dt
 kexciteHeLE kccoolHeLE*
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Figure 3. Cooling curves recorded at 165 °C and 2.45 104 torr.
Box indicates dissociation IR range used to calculate average
fragmentation efficiency for each curve. Red square, green circle,
blue triangle, purple diamond, and black pentagon shaped points
represent data taken with 5 ms excitation IR 0 ms cool time, 5 ms
excitation IR 6 ms cool time, 5 ms excitation IR 9 ms cool time, 5
ms excitation IR 12 ms cool time, and 0 ms excitation IR 0 ms cool
time, respectively. kdissociationLE* kradiativeLE* (6)kccool, kexcite, kdissociation and kradiative represent the sec-
ond-order cooling rate constant, second-order excita-
tion/collisional heating rate constant, the first-order
unimolecular dissociation rate constant and the first-
order radiative cooling rate constant, respectively. Eqs 2
and 3 indicate processes of collisional excitation and
cooling that occur in the quadrupole ion trap due to
collisions of the ions with the helium bath gas. No
resonance excitation was used for these experiments so
contributions from collisional excitation are insignifi-
cant and can be removed from the overall rate equation.
Eq 4 represents the process of unimolecular dissociation
of activated leucine enkephalin ions. Under the condi-
tions used for these experiments the unimolecular dis-
sociation of leucine enkephalin occurs at a rate that is
much too slow to be observed under all combinations of
temperature and pressure used for these experiments.
Additionally, because the first irradiation by the laser (5
ms) is selected so that the ions are only excited but not
dissociated, it can be assumed that no leucine enkepha-
lin is dissociated by this first irradiation. As a result, the
contribution to the overall rate equation from the loss of
excited leucine enkephalin due to dissociation can also
be assumed to be insignificant and removed from the
overall equation.
By removing terms due to excitation and dissocia-
tion, the overall equation simplifies to:
dLE*
dt
 kccoolHeLE* kradiativeLE* (7)
The only processes that contribute to the decrease in
excited leucine enkephalin for the purposes of our
experiment are those due to cooling via collisions with
the bath gas as well as cooling due to emission of
radiation. The equation can be simplified even more
since the number of helium atoms in the quadrupole ion
trap is much greater than the number of excited-state
leucine enkephalin ions. As a result, the second-order
overall rate equation can be reduced to a pseudo
first-order equation so that it then becomes the follow-
ing (eq 8) where k=ccool is defined in eq 9:
dLE*
dt
 k'ccoolLE* kradiativeLE* (8)
k'ccool kccoolHe (9)
For most of the combinations of temperature and
pressure used for this study, both radiative and colli-
sional cooling contribute to the overall cooling rate.
However, at higher temperatures and lower pressures,
collisional cooling is slow enough so that cooling due to
radiative emission becomes predominant. Collisional
cooling rates can be determined by subtracting the rate
of radiative cooling, determined from the experiments
at high-temperature and low-pressure, from the overall
cooling rate measured for each combination of temper-
936 BLACK ET AL. J Am Soc Mass Spectrom 2006, 17, 932–938ature and pressure. This assumes radiative emission is
independent of pressure and temperature over the
ranges that were studied.
Results and Discussion
For all combinations of temperature and pressure stud-
ied, the cooling of the IR excited ions to “thermal
equilibrium” with the bath gas occurred within 20 ms.
Because collisional cooling occurs relatively rapidly in a
quadrupole ion trap at standard operating pressures,
only combinations of temperature and pressure for
which cooling occurred within times between 5 and 20
ms were candidates for cooling measurements. When
cooling occurs over shorter intervals than these, cooling
curve measurements become complicated by decreased
fragmentation efficiencies even with extensive irradia-
tion times. Cooling intervals longer than 20 ms were not
observed at the temperatures and pressures studied.
Unfortunately, the cooling rate could not be slowed to
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Figure 4. Cooling curves recorded at 2.80  1
165 °C.lower rates because of very weak ion signal withpressures lower than 2.80  104 torr and a maximum
trapping volume heating temperature of 165 °C.
Cooling rate measurements were made at pressures
of 2.80  104, 3.15  104, 3.50  104, 3.85  104,
and 4.20  104 torr. Temperatures used for cooling
measurements include 25 °C, 100 °C, 135 °C, and
165 °C. At bath gas pressures of 2.80  104 torr,
collisional cooling rates are low enough to allow for
efficient dissociation and cooling rate determination at
all temperatures investigated. Figure 4 shows cooling
curve data taken at 2.80  104 torr at four different
temperatures. All data for a given temperature was
taken on the same day. However, data taken at different
temperatures were done so on different days and,
therefore, were subject to differences in laser alignment.
Due to these differences in laser alignment, the shape of
each set of curves and irradiation time needed for the
fragmentation efficiency to level off at 100% for curves
at different temperatures cannot be compared.
All curves have been fitted with a Boltzmann sigmoi-
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the fragmentation efficiency curve shifts to the right.
This indicates that a longer dissociation IR time is
needed to achieve the same degree of dissociation at
longer cool times between the excitation IR and disso-
ciation IR than was needed with shorter cool times.
Figure 4a, b, c, and d show data taken at 2.80  104 torr
and 25 °C, 100 °C, 135 °C, and 165 °C, respectively. The
cooling time increments for these temperatures are 2, 3,
5, and 5 ms for 25 °C, 100 °C, 135 °C, and 165 °C,
respectively. In Figure 4a, which represents data taken
at 25 °C, the energy from the 5 ms excitation burst is lost
through cooling processes within 6 ms. At 100 °C,
135 °C, and 165 °C, cooling is completed in12, 15, and
20 ms, respectively. A plot of the pseudo first-order rate
constant versus temperature at 2.80  104 torr is
shown in Figure 5. As the temperature is increased, the
pseudo first-order cooling rate decreases linearly over
the range of temperatures studied.
At the highest temperature used for the study,
165 °C, the cooling rate was measured at six pressures
between 2.45  104 torr to 4.20  104 torr. Over this
small pressure range the second-order rate constants do
not change significantly (Table 1). However, there is a
much greater change in the pseudo first-order rage
constants. A plot of the pseudo first-order rate constant
as a function of pressure is shown in Figures 6. As the
pressure is decreased, a decrease in the rate of cooling is
observed down to a pressure of 3.15  104 torr. Below
a pressure of 3.15  104 torr the pseudo first-order
cooling rate levels off to a rate of 30 s1. This is
indicative of a decrease in the rate of collisional cooling
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Figure 5. Plot of pseudo first-order cooling rate constant as a
function of temperature at 2.80  104 torr.
Table 1. Second order cooling rate constants (cm3 mol1 sec1)
at 165 °C
Pressure (104) 2.45 2.80 3.15 3.50 3.85 4.20
12Rate Constant (10 ) 5.73 5.07 4.80 6.00 7.06 10.6to a point where it is no longer a significant contributor
to the overall cooling of the ions. Below this point,
collisional cooling is a minor component to the overall
cooling rate and radiative cooling becomes predomi-
nant (see eq 8).
Conclusions
Collisional cooling to damp the kinetic energy of ions in
a quadrupole ion trap mass spectrometer is important
in improving the sensitivity and resolution. However,
internal energy cooling also occurs, which can be det-
rimental when trying to dissociate ions by slow heating
methods such as IRMPD. The overall cooling rate is a
combination of collisional and radiative cooling. Colli-
sional and radiative cooling rates in a quadrupole ion
trap can be determined using the method described in
this work. At 2.80  104 torr, pseudo first-order
cooling rates decrease from110 s1 at 25 °C to30 s1
at 165 °C. The pseudo first-order cooling rates are
shown to decrease as pressure is lowered and reach a
minimum of 30 s1 at pressures below 3.15  104
torr at 165 °C. This is the radiative cooling rate at this
temperature.
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